To maximize electric power production using wave energy extractions from resonance power buoys, the maximum motion displacement spectra of the buoys can primarily be obtained under a given wave condition. In this study, wave spectra observed in shoaling water were formulated. Target resonance frequencies were established from the arithmetic means of modal frequency bands and the peak frequencies. The motion characteristics of the circular cylindrical power buoys with corresponding drafts were then calculated using numerical models without considering PTO damping force. Results showed that the heave motions of the power buoys in shoaling waters with insufficient drafts produced greater amplification effects than those in deep seas with sufficient drafts.
INTRODUCTION
To maximize electric power production using wave energy extraction from resonance power buoys, the maximum motion displacement spectra of the buoys must be obtained under a given wave condition. The power extracted from the wave energy is determined by the extraction efficiency of a system under a given continuous wave condition. Methods for commonly utilizing multiple systems can be considered, but the total volume of power production must be considered. Resonance power buoys in shoaling waters, which can obtain larger displacement energy spectra than incident waves, have the advantage of a lower cost of transporting the electricity to land than systems that produce electricity in distant deep waters. Furthermore, to adjust the electricity demand and supply, and to lower the cost of power production, multiple resonance buoys need to be operated. Thus, the distribution characteristics of seasonal wave energy in shoaling waters can be offset and the constant power production can be maximized year-round. In terms of selecting the buoys, the optimum number of buoys can be calculated by variously combining and evaluating the resonance drafts corresponding to the modal frequency bands, which differ by season.
A recent study on a resonance power buoy conducted by Cho et al. (2011; 2012; suggested that electric power can be produced through the relative motion differences between permanent magnets and coils, in a linear electric generator installed in circular cylindrical buoys. Kweon et al. (2013a) obtained the heave motion displacement spectra of buoys that were about 20 times greater than the heave motion displacement of the JONSWAP incident wave spectrum. The motion displacements of circular cylindrical buoys were measured without Power Take-Off (PTO) damping force, and were obtained from systematic experiments for electric power production. Kweon et al. (2013c) confirmed by numerical experiment that for resonance power buoys with drafts corresponding to frequency bands higher than the peak frequencies, the areas of the displacement spectra were about 10times larger than those of the incident waves. This means that displacement amplifications are possible using the resonance effects in shoaling water conditions, where sufficient drafts cannot be guaranteed. In addition, the amplification effects of buoys appeared greater when the corresponding frequencies of the resonance drafts were closer to the peak frequencies, in the frequency bands that were higher than the peak frequencies.
However, as indicated in the study by Yoon et al. (2013) , even though a certain location is the right place for a Wave Energy Farm (WEF), considering its wave energy, water depth, distance from land, navigation passages, aqua farm locations, etc., the power demands and supplies must be adjusted by operating multiple power buoys. The power consumption of the neighboring areas to which the power is to be supplied should also be considered. Kweon et al. (2013b) reported that the wave characteristics vary by season, while the peak frequencies vary by month. The resonance power buoy should be changed, depending on the variations in peak frequencies, but since buoys with variable drafts have yet to be developed, determining a way to combine the buoys with different drafts to maximize power production becomes an important engineering issue. However, even when the combination is determined, the problem of how to arrange the buoys remains. This study, however, examined the effect of subjecting only the optimum draft selection. On the other hand, Koh et al. (2013) estimated the power volume generated by resonance wave power buoys using an approximation technique, and proposed an optimum buoy design.
With regard to the installation of multiple circular cylindrical resonance power buoys in shoaling and deep waters, this study investigated a method of determining the selection of buoy drafts that can guarantee relatively constant power production volumes throughout the year, and that can maximize power extraction. Multiple scattering effects among many buoys are not considered. In this study, we focused on the buoy amplification displacement which is the primary energy source.
MONTHLY RELATIVITY ANALYSIS AND SPECTRA OF THE WAVE OBSERVATION DATA
It is essential to determine and evaluate the buoy drafts, not only to increase the power production capacity of the resonance power buoys to be installed in shoaling waters, but also to generate a constant power volume every month. This may require an expression equation of the continuous waves in shoaling waters, and a classification of the seasonal wave characteristics. In this study, the drafts were determined using an experimental method. These evaluations were performed every month. This paper presents a series of these draft determinations and evaluation methods.
A continuous wave spectrum expression
When considering an operation using power buoys with 12 different drafts, it is not possible to obtain the maximum value of the total amplitudes from the total N number of installed buoys, because the buoys may not sufficiently amplify in seasons that have different resonance frequencies. Furthermore, the installation of various equipment makes managing the system both cumbersome and difficult. To overcome such problems, this study first considered a method that can obtain the maximum displacement of the total buoys installed with only a few different types of equipment, through a relativity analysis of the wave observation data. This study presents a prediction equation for the monthly spectrum of the observation data when each buoy is operated throughout a year, since it is appropriate to evaluate the monthly spectrum of the heave amplification displacements.
To express a continuous wave spectrum, this study used Eq. (1), which expressed the spectrum in conversion factors, after converting the Generalized Extreme Value (GEV) Cumulative Distribution Function (CDF) presented by Kweon et al. (2013b) , to a Probability Density Function (PDF).
where μ refers to the location parameter, 0 > σ refer to the scale parameter, and ξ refers to the shape parameter. The conversion coefficient k represents the coefficient proposed in this study, which converts the total area of the continuous wave spectra to the total area of the mean spectrum, and which can be written as Eq. (2).
where the subscript obs refers to the observation value, n refers to the frequency division number for calculating the spectrum area (60 in this study), and df is calculated as 0.0078125 (equal to 1/128).
Relativity analysis of wave observation data for determining buoy drafts
The power production capacity of the resonance power buoys was determined from the characteristics of the incident wave heights and periods. Optimization then requires a stage in which the drafts are determined. The wave information divided by month can be handled as data classified according to 12 different types, but this is considered an excessive classification in a practical operation of wave power generation. The optimum classification number of wave information can be numerically calculated using an objective function, between a classification group where normal data are integrated, and the 12 different classification group numbers that separate the individual data, depending on the characteristics. Since it is difficult to include all the practical operation factors in the objective function, it is appropriate to employ a method that estimates the use of the wave characteristic information and the obtained power generation information by combining numerical and experimental methods. This study examines the wave data obtained on the eastern and northern coasts of Hupo Port in Uljin-gun, Gyeongsangbuk-do, South Korea, by using a Wave and Tide Gauge (WTG). The wave observation started at the designated point, WHP01 (129°27'40"E, 36°40'35"N, with a water depth of about 10m), on April 26, 2002, to investigate the wave conditions for the optimum design of the seawater exchange facility. In this study, the data collected for three years from May 2002 to March 2005 were analyzed.
The classification groups of the optimum wave characteristics based on the Euclidean distance of the monthly wave characteristic information of significant wave height, mean wave height, modal height, period, and peak period are divided into three classification groups: group 1, which includes the data collected from November to February; group 2, which includes the data collected in March, April, September, and October; and group 3, which includes the data collected from May to August. Since classification group 1 has a relatively superior wave energy compared to the other groups, group 1 is subdivided into a data group with the largest wave energy and a data group with the second largest energy: group 1-1 (including the data collected in December and January, with the largest wave energy and an average significant wave height of 0.84m), and group 1-2 (including the data collected in November and February, with the second largest wave energy). Since the data groups collected in December and January are considered very similar, it is appropriate in practical terms to deal with such groups as separate data groups. Accordingly, the data were finally classified into group I (the data collected in February and November), group II (the consecutive data collected from December to January), group III (the data collected in March, April, September, and October), and group IV (the data collected from May to August). Strictly separating them using Euclidean distance, we have 3 groups (Kweon et al., 2013b) . However, months of Nov., Dec., Jan. and Feb. almost be within winter season have the different one from others. In this study, we separated the winter season with 2 groups. Even, it is reasonable that we separate them as the group of month of Feb., Nov. and Dec. and the group of month of Jan.. However, data volume becomes not be balanced. So we separate them as the group of Feb. and Nov. month having the more closed characteristics and others. Table 1 . As shown in the figure, the sizes of the peak energy densities among the energy density distributions by the groups appear to differ. In particular, group II, corresponding to the mean spectrum for January and December, presents a far greater energy density distribution than the mean spectrum from May to August. The differences between the peak frequencies, however, appear relatively insignificant. Fig. 1 Group spectra by relativity. Table 1 Parameter estimations of the normal wave spectra by grouping.
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Monthly spectra for evaluating the heave displacements of the buoys
Calculation of the displacements of the combined buoys under a given wave condition requires an expression equation for continuous waves. The external-force conditions of time domain numerical models, and the time series data of water level changes, can be generated from expression Eq. (2). Table 2 shows the parameters of the monthly normal wave spectra presented in Eq. (2).
The data in Table 2 pertaining to the parameters of the monthly continuous wave spectra are estimated values detected by the mean values of the frequencies, and are used to evaluate the resonance of the buoys at the given drafts. In addition, the mean value represents the arithmetic mean value of each corresponding value. Table 2 Parameter estimations of the monthly mean wave spectra. 
DISPLACEMENTCHARACTERISTICS OF THE HEAVE MOTIONS OF POWER BUOYS
Because the power buoy drafts are restricted by water depth, as shown in Fig. 2 , they were investigated separately and were placed under shallow-and deep-sea conditions. Where the circular cylindrical power buoys were restricted by water depth, such as in shoaling waters, the wave characteristics and resonance effects may appear relatively smaller, since the peak frequencies cannot be induced to correspond to the target resonance frequencies. When the target resonance frequencies can be induced to correspond to the peak frequencies, however, the motion displacement characteristics can appear more clearly, depending on the distribution characteristics of the seasonal wave energy. Therefore, such cases were examined separately in this study.
The hydrodynamic coefficients and wave-exciting forces of the power buoys were obtained by solving the radiation and diffraction problems using the matched Eigen function expansion in order to investigate the behaviors of the power buoys in vertical motions in the frequency bands. The GEV spectra covering the months of January to December were used to obtain the incident wave spectra of the power buoy motions by month, as in Eq. (3), where A represents the amplitude of the incident wave, and z represents the vertical motion displacement of the power buoy. In addition, the ratios of the vertical motion displacement spectra of the buoys (BSA) and the incident waves (WSA) were calculated by integrating the calculated areas of the spectra in order to verify the energy amplification ratios. For effective wave energy extraction, the power buoy must be tuned to resonance, so that the natural frequency of vertical motion corresponds to the target frequencies of the incident wave spectra. The natural frequency for a lightlydamped system is 
where g represents the gravity acceleration and h ω represents the target frequency for hydrodynamic resonance. Kweon et al. (2013b) analyzed the observation data of shoaling waters to design a wave power conversion unit. Results showed that the modal periods and peak frequencies of the mean spectra did not correspond to those in the case of normal waves. That is, the peak frequency appeared smaller than the modal frequency. These findings contradict the fact that the peak frequencies almost correspond to the modal frequencies in the existing spectra in the wind-wave spectra, such as JONSWAP. This means that the continuous wave spectra often show comparatively large waves, which are considered to have relatively large energy, when they are converted to energy. While this study failed to clarify an exact method to determine the target frequencies for determining the drafts, the intention is to determine the target resonance frequencies through the arithmetic mean values of the peak frequencies and modal frequencies. The power buoy motion displacements in the drafts corresponding to the calculated target frequencies should remain within the water depth.
Determination of target resonance frequency
The target resonance frequency f t was determined as shown in Eq. (6). where α is the modulator, in which the draft should be smaller than the given water depth, and was applied as 1.25, in order to obtain a smaller f t value than ref. 1; peak frequency f p is the reciprocal number of the group peak periods shown in Table  1 ; and f occuri and f occurf are the reciprocal numbers of the periods corresponding to the two peaks in the double-peak distributions of the occurrence probabilities of the continuous wave periods explained by Kweon et al. (2013b) , applied as 0.15 Hz and 0.22 Hz, respectively, and with an arithmetic mean value of 0.185Hz. Table 3 presents the target resonance frequencies for designing the buoys, determined using Eq. (6). Once the resonance drafts are established, the power buoy data should then be determined. The cases selected in this study are presented in Table 4 . 
Comparison and analysis of the power buoy behaviors
As mentioned earlier, the ratios of the incident waves (WSA) and vertical motion displacement spectra buoys (BSA) were calculated by integrating the calculated spectra areas. This is designed to confirm the energy amplification ratios in accordance with the relations in Eq. (3). The drafts were calculated in three ways, as presented in Table 4 . Fig. 3 shows the variations in the monthly amplification effects of the buoys with each different draft. The monthly amplification ratios change within a range of around four to nine times. In Fig. 4 , the amplification ratio of draft 2 (the deepest draft) appears the largest in all months, as well as in the yearly total. The greatest amount of energy can be extracted from the deepest drafts in the shoaling waters, where the drafts are restricted, provided the target resonance frequency exists in the higher frequency bands rather than in the peak frequencies. While the amplification effects of the power buoys depending on the drafts appear significant in winter when there is a comparatively large amount of wave energy, the effects due to the drafts appear insignificant in the months when there is relatively small wave energy, such as May, June, July, and August. However, since the amplification ratios decrease significantly more than as presented when PTO damping occurs, separate investigations should be made to determine if the buoys touch the seabed.
Conversion of shoaling waters spectra to deep-sea spectra
When circular cylindrical resonance power buoys were installed in shoaling waters, the energy amplification was maximized and could not be absorbed due to the water depth restrictions. In deep seas, however, which have no water depth restrictions, the target resonance frequencies and the peak frequencies could be induced to correspond to each other.
In the session on the motion displacements in shoaling waters, the four different drafts and power buoy data were determined by separating the real sea wave data observed in the shoaling waters according to similar months, and the heave motion displacements of the incident waves were numerically interpreted using the monthly wave spectra. In this chapter, all the calculations were performed by converting the shallow-water spectra presented in Table 2 to deep-sea spectra.
Because the drafts are restricted due to the water depths in shoaling waters, the buoys can be simply designed to have maximum depths to maximize wave power production throughout the year. However, when there are no restrictions on the drafts, the drafts corresponding to the peak frequencies are normally applied to the design. When installing multiple buoys, examinations of the drafts should precede the installation, since a draft combination is necessary to achieve maximum power production.
In this study, the relations in Eq. (7) were used to convert the shallow-water spectra presented in Tables 1 and 2 to deepsea spectra, where there were no restrictions on drafts. Eq. (7) is a relational expression equation that converts the JONSWAP spectrum to Texel Marsen Arsloe (TMA) shallow-water spectrum, while considering only the shoaling coefficients among the wave displacement conditions. Bouws et al. (1985) proposed the TMA spectrum by multiplying the JONSWAP spectrum by the Kitaigordskii shape function, which indicates the effect of finite water depth. and the water depth h is equal to 10.0m. Given that the JONSWAP spectrum is a deep-sea spectrum and the TMA spectrum is a shallow-water spectrum, the estimated spectrum at point (WHP-01) of the Hupo region is regarded as a shallow-water spectrum, and can be estimated to be a deep-sea spectrum by dividing it using the conversion equation presented above. That is, the Hupo deep-sea spectrum
can be calculated by dividing the Hupo shallow-water spectrum
. Fig. 4 shows the spectrum observed in shoaling waters with a 10m depth, and the deep-sea GEV spectrum.
The wave energy of the deep-water appeared greater than that of the shallow-water wave energy, as shown in Fig. 4 . In addition, the peak frequencies in the deep sea moved slightly to lower frequency bands.
The parameters for converting to the deep sea are arranged by group and month in Tables 5 and 6 , respectively. Fig. 4 Conversion of group I (GEV fitting) to a deep-water spectrum. Table 5 Parameters for converting to deep-water conditions.
Group
Parameters Table 5 presents the parameters for determining the resonance power buoy drafts, and Table 6 shows the analysis results of normal-wave spectra, for calculating the resonance characteristics of power buoys with determined drafts.
Heave displacements of the power buoys
The up and down displacements of the power buoys were obtained by calculating the Response Amplitude Operator (RAO) using Eq. (3). The drafts for the motion calculations were applied by calculating the drafts corresponding to p T using Eq. (4), as presented in Table 5 . Table 7 shows the power buoy data, representing the study subjects for calculating the heave motion displacements. 5 shows that the amplification ratios BSA/WSA remain at a range of about 1 to 5.5 in deep seas. In particular, June often presents smaller amplifications of less than 1, compared to the wave spectra. The amplification ratios appear smaller than those in shoaling waters (Fig. 3) throughout the year. The comparison of the amplification ratios BSA/WSA between those in shallow waters and deep waters clearly shows that the effective resonance can be obtained in shallow waters but cannot be obtained in deep water, even though the extraction total energy could be obtained in deep sea. The higher resonance ratio, BSA/WSA in shoaling waters mainly attributed to the wave spectra shapes. Generally, the resonance ratio drops more suddenly in higher frequency bands than in peak frequency domains. Because the target resonance frequencies in shoaling waters should be designated at higher frequency bands than at peak frequencies, the resonance rates do not suddenly fall since wave frequencies mostly correspond to lower frequency bands. In addition, shoaling waters spectra are attributed to the phenomenon caused by the relatively weaker energy densities in peak frequency bands, than those in deep seas.
MAXIMIZING WAVE ENERGY EXTRACTION THROUGH DRAFT COMBINATION
Comparing Fig. 3 (showing the resonance effects in shallow-water spectra) and Fig. 5 (showing the resonance effects in deep-sea spectra), the shallow-water resonance effects appear to be greater than the deep-sea resonance effects. In addition, when the target resonance frequencies were attached to higher frequencies in the shoaling waters, greater resonance effects were observed throughout the year than when lower frequencies were applied. In the deep-sea cases, although there were some exceptions, overall the resonance effects appeared large when the target resonance frequencies were matched to higher frequencies. This is considered to be due to the amplification effects of circular cylindrical power buoys that decrease more slowly in lower frequency bands than in the target resonance frequencies, but suddenly drop in higher frequency bands. These are clearly shown in the experiment results presented by Kweon et al. (2013a) .
When the target resonance frequencies for the given normal-wave spectra in shoaling waters are established in higher frequency bands rather than peak frequencies, the maximum wave power can be extracted from power buoys with the maximum drafts. This is possible provided the buoys do not touch the seabed. In deep seas, however, the comparison results of the cases with various drafts, considering the seasonal characteristics for drafts corresponding to peak frequencies, showed that buoys with lower drafts could extract the maximum wave power. This indicates that the maximum wave energy can be extracted when the target resonance frequencies are established in higher frequency bands, rather than in peak frequencies, as in the case of shoaling waters.
CONCLUSION
In this study, normal-wave spectra were normalized. Based on the wave data observed in shoaling waters, such spectra were converted to deep-sea spectra. The heave resonance motion characteristics of the power buoys were compared and analyzed. To achieve the combination of buoys to maximize power energy extraction, the following observations were made.
(1) When the change in seasonal wave energy distributions is large, the monthly motion amplification ratios of the buoys appear to significantly differ (i.e., the motion amplification ratios of the buoys decrease as the wave energy becomes smaller). (2) Better resonance effects were produced in shoaling waters with insufficient drafts than in deep seas with sufficient drafts. (3) Regardless of seasonal wave characteristics, power buoys with a particular draft produced the maximum resonance effects in each month in the shallow and deep waters. (4) To maximize the power energy extractions throughout the year, it is considered effective to establish target resonance frequencies in higher frequency bands, rather than at peak frequencies, in both shoaling waters and deep seas. This is because the modal frequency bands are attached to higher frequency bands, rather than to peak frequency bands, in the case of the normal wave. (5) In shoaling waters where sufficient drafts cannot be secured, the yearly maximum wave power energy can be extracted by constructing a wave energy farm with multiple power buoys. Drafts should be at a maximum so that the power buoys do not touch the seabed during motion. This is carried out after obtaining the normal-wave spectra, separating the spectra by seasonal characteristics, and examining the arithmetic mean value of the modal frequency distributions and peak frequencies. (6) In deep waters, where sufficient drafts can be secured, the yearly maximum wave power energy can be extracted by constructing a Wave Energy Farm with multiple power buoys. This follows the process of obtaining the same normalwave spectra as in the case of shoaling waters, separating the spectra by seasonal characteristics, establishing the target resonance frequency with the highest frequency corresponding to peak frequencies, and determining the corresponding drafts. (7) The limitation of this study is that it focused on the resonance methods of circular cylindrical buoys; constant power production methods throughout the year were not investigated because of the changes in the monthly wave characteristics.
